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Abstract: The potential gains in total expectation
of life and in the working life ages among the United
States population are examined when the three leading
causes of death are totally or partially eliminated. The
impressive gains theoretically achieved by total elimi-
nation do not hold up under the more realistic assump-
tion of partial elimination or reduction. The number of
years gained by a new-born child, with a 30 per cent
reduction in major cardiovascular diseases would be
1.98 years, for malignant neoplasms 0.71 years, and

Introduction

Mortality levels are determined by the complicated in-
terplay of a variety of sociocultural, personal, biological, and
medical factors. In the transition from high to low mortality,
the relative importance of different causes of death has been
altered. Eradication of certain diseases has resulted in an in-
crease of other diseases. The discovery of the bacterial ori-
gin of communicable diseases and the birth of a public health
movement in the previous century made possible preventive
action against the more common and virulent infections. At
that time, it was realistic to hope for total eradication of cer-
tain infectious diseases.

The trend toward the substantial reductions in mortality
started in the previous century has slowed down since 1950.
Today when chronic diseases play a major role in mortality,
a more realistic goal-especially in terms of planning for
health resources-is the reduction rather than elimination of
a cause of death. This type of analysis is of special interest
not only to public health workers but also to the general pub-
lic in view of the recent decline in mortality from certain
causes. Between 1970 and 1975, for example, the decline in
the age-adjusted death rate was 13.7 per cent for major car-
diovascular diseases, and 24.8 per cent for motor vehicle ac-
cidents.1

The contribution of a specific cause of death to general
mortality is often measured as the difference between the
expectations of life before and after the complete elimination
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for motor vehicle accidents 0.21 years. Application of
the same reduction to the working ages, 15 to 70 years,
results in a gain of 0.43, 0.26, and 0.14 years, respec-
tively for the three leading causes of death. Even with
a scientific break-through in combating these causes of
death, it appears that future gains in life expectancies
for the working ages will not be spectacular. The inmpli-
cation of the results in relation to the current debate on
the national health care policy is noted. (Am. J. Public
Health 68:966-971, 1978.)

of that cause.2'3 This approach is not well suited to assessing
the effect of marginal mortality improvements. This paper
examines potential gains in life expectancies when certain
causes of death are partially eliminated, based on the mortal-
ity situation in the United States for 1969-71. It seeks to as-
certain what potential gains in longevity might be reasonably
achieved through efforts to reduce mortality due to major
cardiovascular diseases (CVD), malignant neoplasms (MN),
and motor vehicle accidents (MVA); a similar approach has
recently been reported by Keyfitz.4 In addition the study
seeks to determine how much of these potential gains can be
expected during the total life span as well as the normal
working lifetime (ages 15-70); this notion is similar to the
idea of "partial life expectancies,"5 and more relevant to
discussions of the economic costs of diseases.

Materials and Methods

The basic data sources for this study are the U.S. Cen-
sus of Population6 and the deaths for the three-year period
1969-717-9 as compiled by the National Center for Health
Statistics. In accordance with standard practice, death for
which age was not stated have been allocated proportion-
ately among the various age groups for the study. Minor ad-
justments of population have been made on ages 80 years
old.* The causes of death for the three-year period were

*Appendix B of the 1970 Census of Population states: "the
number of persons shown as 100 years old and over is overstated"
and "available evidence suggests that the true number of persons
100 years old and over in the United States does not exceed several
thousand."6 The persons for ages 100 years old and over in this
study are estimated from the United States life tables10 and the ex-
cess is allocated back to ages 80 to 99.
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TABLE 1 -Expectation of Life (6) at Various Ages for the Total Population after CVD, MN, and
MVA are Completely Eliminated: United States, 1967-71

Elimination of

Life CVD MN MVA
Expectancy

Exact Age without
(in years) Elimination q gain di gain di gain

0 70.81 83.17 12.36 73.33 2.52 71.51 0.70
1 71.29 83.89 12.60 73.85 2.56 72.00 0.71
5 67.53 80.16 12.63 70.08 2.55 68.21 0.68
10 62.67 75.32 12.65 65.20 2.53 63.31 0.64
15 57.79 70.46 12.67 60.31 2.52 58.41 0.62
20 53.10 65.83 12.73 55.61 2.51 53.59 0.49
25 48.47 61.28 12.81 50.98 2.51 48.84 0.37
30 43.81 56.67 12.86 46.30 2.49 44.10 0.29
35 39.17 52.08 12.91 41.64 2.47 39.40 0.23
40 34.62 47.55 12.93 37.04 2.42 34.81 0.19
45 30.23 43.14 12.91 32.56 2.33 30.38 0.15
50 26.04 38.88 12.84 28.23 2.19 26.16 0.12
55 22.10 34.82 12.72 24.08 1.98 22.19 0.09
60 18.47 31.02 12.55 20.18 1.71 18.54 0.07
65 15.14 27.46 12.32 16.55 1.41 15.19 0.05
70 12.14 24.19 12.05 13.25 1.11 12.18 0.04
75 9.50 21.19 11.69 10.31 0.81 9.53 0.03
80 7.32 18.61 11.29 7.88 0.56 7.34 0.02
85 5.61 16.40 10.79 5.97 0.36 5.62 0.01
90 4.54 14.75 10.21 4.76 0.22 4.55 0.01
95 4.16 13.47 9.31 4.29 0.13 4.16 0.00
100 2.84 11.38 8.54 2.93 0.09 2.84 0.00

classified according to the Eighth Revision of International
Classification of Diseases.'1 The ICD codes for the three
causes examined in this study are CVD (390-448), MN (140-
209) and MVA (E810-E823).

Enumerated population figures (as of April 1, 1970) were
used without adjusting to the midyear and were not adjusted
for underenumeration. As far as the present study is con-
cerned, the effects of underenumeration in the census and
underregistration in vital statistics are believed to be can-
celed out to a large extent.**

The basic methodology employed is the construction of
life tables. While several different techniques have been pro-
posed in the literature, this study uses Chiang's technique'4
which seems to be operationally more convenient in convert-
ing the age specific death rate to the probability of dying.
This life table serves as the basis on which the potential gains
in life expectancies are evaluated when a certain cause was
to be both reduced and completely eliminated.

The life table has only one mode of decrement, which is
"death". It is possible to divide the deaths in the general life
table into components according to specified causes of
death. The result is called a multiple-decrement life table.

**In 1970, for instance, the net census underenumeration for
the total population of the United States was estimated to be 1 to 3
per cent and the underenumeration was somewhat greater for non-
whites than for whites.'2 The underregistration of deaths in the
United States was estimated to be about 1 per cent in 1967,13with
more underregistration probable for nonwhites than for whites.

The multiple-decrement table assumes that a population of
individuals is subject to a number of mutually exclusive
causes of death which are operating simultaneously. Associ-
ated with this multiple-decrement table is the cause-detected
table which is constructed by eliminating or reducing a spe-
cific cause of death. The method of constructing the mul-
tiple-decrement table and the cause-deleted table with partial
elimination used in this study is taken from Chiang."5 The
assumption that individuals are subjected to independent
competing risks of death may not be realistic, since some
causes of death may be dependent and the exact nature of
the dependence unknown. However, Chiang's methods pro-
vide an adequate approximation for small reduction in a giv-
en cause of death.

A slight modification of the formula for net probability
of death has been made to allow for a reduction in a cause of
death rather than a complete elimination of the cause. More
detailed methodology and related issues are discussed else-
where.'6 The modified net probability is given by the follow-
ing formula (see Appendix A for derivation):

4i k(7Tik) = 1 - -i(DI-7rOkDi
where k = 1, 2, - - - r,
p, is the probability of surviving age interval (xi, x+,)
Di is the total number of deaths of age interval (xi, xi+J)
lTik iS the "improvement factor," 0 _< ik < 1, and
Dik is the number of deaths from cause k in age interval (xi, xi+,).
The "improvement factor" allows for partial elimina-

tion of risk k in age group i. The number of years gained in
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TABLE 2-Added Years of Life at Birth by Reducing CVD, MN, MVA: United States, 1969-71

Per Cent of Elimination

Causes of Death and
Color/Sex Group 10 20 30 50 70 100

Major Cardiovascular Diseases
Total Population 0.60 1.26 1.98 3.70 6.01 12.35
White Males 0.59 1.22 1.92 3.56 5.70 11.10
White Females 0.56 1.17 1.85 3.50 5.80 12.81
Nonwhite Males 0.60 1.26 1.98 3.66 5.80 10.74
Nonwhite Females 0.76 1.59 2.51 4.72 7.69 15.66

Malignant Neoplasms
Total Population 023 0.47 0.71 1.20 1.71 2.51
White Males 0.22 0.44 0.66 1.12 1.60 2.35
White Females 0.24 0.49 0.74 1.25 1.78 2.60
Nonwhite Males 0.22 0.44 0.67 1.15 1.65 2.44
Nonwhite Females 0.23 0.47 0.71 1.20 1.71 2.50

Motor Vehicle Accidents
Total Population 0.07 0.14 0.21 0.35 0.49 0.70
White Males 0.09 0.19 0.28 0.47 0.66 0.94
White Females 0.04 0.08 0.13 0.21 0.29 0.42
Nonwhite Males 0.10 0.19 0.29 0.48 0.68 0.98
Nonwhite Females 0.04 0.07 0.11 0.19 0.26 0.38

life expectancy at birth is calculated by subtracting the life
expectancy of the life table from that in the corresponding
multiple-decrement table with partial or complete elimina-
tion. The added years of life for two sets of working ages are
those added years a 15-year-old can expect to live before
reaching the end of the working range at age 65 and 70.

Elimination ofSelected Risks ofDeath

The importance of the various causes of death is mea-
sured by the gain in life expectancy when a specified cause of
death is eliminated. Following the conventional approach,
life tables were constructed, completely eliminating CVD,
MN, and MVA independently from one another. The results
are shown in Table 1 for the total U.S. population. These are
consistent with the published statistics, although slightly dif-
ferent methods were used.2 The potential gains in life expec-
tancy among all U.S. population by the complete elimination
of the CVD are: 12.4 years at age 0, 12.9 years at age 40, and
12.1 years at age 70. If it were possible to eliminate MN as a
cause of death, the average length of life among Americans,
according to mortality conditions in 1969-71, would be in-
creased by 2.5 years at birth, 2.4 years at age 40, and 1.1
years at age 70. The human life wasted by MVA among
Americans is estimated to be 0.7 years at birth, 0.2 years at
age 40, and 0.04 years at age 70.

These figures are highly improbable since it is unlikely
that deaths from CVD, MN, and MVA will be completely
eliminated in the foreseeable future. If progress occurs, it is
likely to be gradual rather than sudden. Thus a more realistic
examination of potential gains in life expectancies would be
that based on estimates derived from partial rather than total
elimination of these causes of death.

Reduction in Selected Risks ofDeath

The results of these partial eliminations are presented in
Table 2 for the four color/sex groups. It is evident that non-
white females would have the largest gains if CVD were to
be reduced or completely eliminated. This striking gain is a
reflection of the fact that proportionately more nonwhite fe-
males are dying from these causes than other groups.* A sex
differential for whites is less pronounced:
If CVD were reduced by 70 per cent or more, the gains for
white females are slightly larger than for white males, while
for reductions less than 70 per cent the gains are about the
same for both sexes. For MN there is no appreciable dif-
ference in years of potential gain among color/sex groups.
On the other hand, sex differentials in added years of life at
birth are clearly achieved by the partial or complete elimina-
tion of MVA.

Table 2 indicates that the added years of life gained by
50 per cent elimination are about one-half the years gained
by 100 per cent elimination for MN and MVA, but that the
gains by 50 per cent elimination of the CVD (3.7 years) are
less than one-third of the gains expected by 100 per cent
elimination (12.4 years). These relationships for the three
causes of death for the four color/sex groups are graphically
illustrated in Figures 1, 2, and 3. When the mortality rate
from the cause of death being eliminated is relatively small,
the increase in expectation of life is approximately a linear
function of the proportion eliminated. This linearity can be
shown mathematically (see Appendix B). For the cause of
death which is relatively large, the linear relationship no
longer holds.

*This is shown in Table 4 which will be discussed later.
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MAJOR CARDIOVASCULAR DISEASES
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FIGURE 1-The Relationship between Per Cent Elimination of CVD FIGURE 2-The Relationship between Per Cent Elimination of MN and
and Added Years of Life at Birth: United States, 196-1971 Added Years of Life at Birth: United States, 196-1971

Potential Gainsfor Working Ages elimination of the CVD, Americans would gain less than one

year for working ages from 15 to 65 years and one and one-

As argued earlier, the restriction of analysis to the work- half years for working ages from 15 to 70 years. The data
ing ages would produce more realistic results not only for allow the impact of the recently extended retirement age to
discussion of the economic costs of disease but also for be examined by comparing the years of life gain from the two
avoiding certain problems resulting from the quality of data sets of working ages. The potential gain expected for work-
for older ages. The potential gains expected for working ages ing ages (15-70) by elimination of CVD represents only 12
by both the partial and complete elimination of the three per cent of the expected gain for the entire life span, as com-

causes of death are shown in Table 3. Even with 100 per cent pared with 36 per cent for MN and 66 per cent for MVA.

TABLE 3-Added Years of Life for Working Ages by Reducing CVD, MN, and MVA: United States, 1969-71

Working Ages

Between Ages 15 and 65 Years Between Ages 15 and 70 Years

Per Cent Elimination Per Cent Elimination

Cause of Death and
Color/Sex Group 10 20 30 50 70 100 10 20 30 50 70 100

Major Cardiovascular Diseases
Total Population 0.09 0.18 0.27 0.45 0.63 0.91 0.14 0.29 0.43 0.73 1.04 1.51
White Males 0.11 0.23 0.35 0.58 0.83 1.20 0.18 0.37 0.56 0.95 1.35 1.98
White Females 0.04 0.08 0.13 0.22 0.31 0.45 0.08 0.16 0.23 0.39 0.55 0.79
Nonwhite Males 0.16 0.32 0.49 0.83 1.17 1.71 0.23 0.47 0.71 1.20 1.72 2.54
Nonwhite Females 0.12 0.25 0.37 0.63 0.89 1.29 0.19 0.38 0.57 0.96 1.37 2.00

Malignant Neoplasms
Total Population 0.06 0.12 0.17 0.29 0.41 0.59 0.09 0.17 0.26 0.44 0.62 0.89
White Males 0.06 0.11 0.17 0.28 0.39 0.56 0.09 0.17 0.26 0.43 0.61 0.87
White Females 0.06 0.12 0.17 0.29 0.41 0.59 0.09 0.17 0.26 0.44 0.61 0.88
Nonwhite Males 0.07 0.13 0.20 0.33 0.47 0.68 0.10 0.19 0.29 0.49 0.69 1.00
Nonwhite Females 0.07 0.13 0.20 0.34 0.47 0.68 0.09 0.19 0.29 0.48 0.68 0.97

Motor Vehicle Accidents
Total Population 0.04 0.08 0.12 0.20 0.28 0.40 0.05 0.09 0.14 0.23 0.32 0.46
White Males 0.06 0.12 0.18 0.30 0.42 0.60 0.07 0.13 0.20 0.34 0.47 0.68
White Females 0.02 0.04 0.06 0.10 0.14 0.19 0.02 0.05 0.07 0.11 0.16 0.23
Nonwhite Males 0.06 0.12 0.18 0.31 0.43 0.62 0.07 0.14 0.21 0.34 0.48 0.70
Nonwhite Females 0.02 0.03 0.05 0.09 0.12 0.18 0.02 0.04 0.06 0.10 0.14 0.20
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FIGURE 3-The Relationship between Per Cent Elimination of MVA
and Added Years of Life at Birth: United States, 196-1971

This is a result of the increasing proportion of deaths due to
cardiovascular causes in the older age groups as shown in
Table 4. As a result, when working ages are considered, the
relative importance of these three causes changes.

The striking gains observed for nonwhite females by the
elimination of CVD when the entire lifetime was considered
are no longer evident when the working lifetime is consid-
ered. This suggests that a large portion of CVD deaths for
nonwhite females were in the later stages of life. Among
males, MVA and MN are of about equal importance as far as
working ages are concerned. A 30 per cent reduction ofCVD
would add only about twice as much working life as the other
two causes of death among white males.

Discussion

This study demonstrates the usefulness of multiple-
decrement life tables as a tool to examine potential gains by
reducing as well as eliminating a particular disease or condi-
tion as a cause of death. Gains of life expectancy due to com-
plete elimination of a disease are based on the implicit as-
sumption that the years lived at any age are of equal value.
However, in terms of the economic costs and benefits, this
assumption may not be valid, and years of life gained for
working ages may be a more relevant mortality indicator.
When considering added years of life expectancy for the nor-
mal working lifetime, the potential gains are small. With a 50
per cent reduction in mortality due to CVD, the potential
gain in the working life ages 15 to 70 years is less than three-
fourths of one year and a significant change occurs in the
relative impact of CVD, MN and MVA. The relative impor-
tance of MVA as a cause of death in a working lifetime is
markedly increased in contrast to its minor importance when
an entire lifetime is considered. Hence from an economic
standpoint, programs designed to prevent motor vehicle ac-
cidents should be given high priority.

TABLE 4-Proportion of Deaths Due to CVD in the Older Age
Groups: United States, 1969-71

Age Group White Nonwhite
(in years) Total

Population Males Females Males Females

30-35 0.23 0.25 0.18 0.22 0.26
35-40 0.31 0.36 0.21 0.30 0.32
40-45 0.37 0.44 0.25 0.36 0.38
45-50 0.42 0.49 0.30 0.42 0.43
50-55 0.46 0.51 0.36 0.46 0.47
55-60 0.50 0.53 0.44 0.49 0.54
60-65 0.55 0.56 0.53 0.53 0.59
65-70 0.60 0.59 0.61 0.56 0.63
70-75 0.64 0.62 0.67 0.58 0.67
75-80 0.69 0.66 0.72 0.61 0.69
80-85 0.73 0.70 0.75 0.64 0.72
85-90 0.76 0.73 0.78 0.66 0.74
90-95 0.77 0.74 0.79 0.68 0.75
95+ 0.67 0.59 0.74 0.54 0.66

It is assumed in the foregoing analysis that there are no
interdependencies among the causes of deaths. As pre-
viously mentioned, this assumption may not be realistic, for
a given disease may well render its victim more susceptible
to certain other diseases. Conversely, it is even possible that
the occurrence of some diseases may leave an individual
with increased resistance to some other diseases. Never-
theless, the assumption of independence can hardly be
avoided until more is known about the exact nature of the
interdependency among various causes of death.

In spite of the known limitations of multiple-decrement
life table analysis, the findings from this study have implica-
tions for practical decision making in setting up health goals,
allocating resources, and evaluating health programs. The
current debate on health care policy seems to point to the
inevitability of choice-individually and collectively-
among competing human wants and calls for intelligent deci-
sions based on careful evaluation of various alternatives.
The examination of potential gains in life expectancies will
assist in this process. Further studies of this nature seem
indicated.

REFERENCES
1. National Center for Health Statistics. Monthly Vital Statistics

Report (Provisional Statistics), Annual Summary for the United
States, 1975, Vol. 24, No. 13, June 30, 1976; and Vital Statistics
of the United States, 1970, Vol. 11 (Mortality), Part A, Table 1-
6, Govt. Print. Off., 1974.

2. National Center for Health Statistics, United States Life Tables
by Causes of Death: 1969-71. Public Health Service, U.S. Dept.
of Health, Education and Welfare, DHEW Publication No.
(HRA) 75-1150, Washington, DC: Govt. Print. Off., May, 1975.

3. Dublin LI, Lotka AJ, and Spiegelman M: Length of Life: A
Study of the Life Table. New York: The Roland Press Co.,
1949.

4. Keyfitz N: What difference would it make if cancer were eradi-
cated? An examination of the Taeuber Paradox, Demography,
14:411-418, 1977.

5. Hickman JC and Esteil RJ: On the use of partial life ex-
pectancies in setting health goals. Am. J Public Health 59:2243-
2250, 1969.

970 AJPH October, 1978, Vol. 68, No. 10



TSAI, ET AL.

6. U.S. Bureau of The Census, U.S. Census of Population: 1970
General Population Characteristics, United States Summary
(I)-B1, U.S. Government Printing Office, Washington, DC,
1972.

7. National Center for Health Statistics, Vital Statistics of the
United States: 1969, Volume IT-Mortality Part A: U.S. Dept. of
Health, Education, and Welfare, 1974.

8. National Center for Health Statistics, Vital Statistics of the
United States: 1970, Volume TI-Mortality Part A: U.S. Dept. of
Health, Education, and Welfare, 1974.

9. National Center for Health Statistics, Vital Statistics of the
United States: 1971, Volume IT-Mortality Part A: U.S. Dept. of
Health, Education, and Welfare, 1975.

10. National Center for Health Statistics, United States Life Tables:
1969-71. Public Health Service, U.S. Dept. of Health, Educa-
tion, and Welfare, May, 1975.

11. World Health Organization, Manual of the International Statisti-
cal Classification of Diseases, Injuries, and Causes of Deaths,
Vol. 1, 1967.

12. Siegel JS: Estimates of coverage of the population by sex, race,
and age in the 1970 census. Demography, 11:1-23, 1974.

13. Shryock HS, Siegel JS, and et al: The Methods and Materials of
Demography, U.S. Bureau of Census, Second Printing (reve.),
U.S. Printing Office, Washington, DC, 1973.

14. Chiang CL: A Stochastic study of the life table and its appli-
cations: II. Sample variance of the observed expectation of life
and other biometric function. Human Biology 32:221-38, 1960.

15. Chiang CL: Introduction to Stochastic Processes in Biostatis-
tics, New York: John Wiley and Sons, Inc., 1968.

16. Tsai SP: Some Methodological Aspects of Multiple-Decrement
Life Table Construction, unpublished MS Thesis, University of
Texas Health Science Center at Houston, School of Public
Health, June, 1975.

APPENDIX A

qi *k( ik) = 1 exp - { [p(t) - 7riW,.(t; k)]dtl

= 1 - exp - X [/(t) - lTikCiku(t)]dt} where

Cik (t)

= 1 - exp j- [1 - 7TikCik]L(t)dtj

= 1 - Pill -7ikCikl

= 1 pJM -ff1Mlk(t;k)]/i(A) or

qi k( ik) = 1 Pi qi 7ikQIk /q .

Substituting ci = Di/Ni and Qik = Dik/Ni, where Ni is the number of
individuals alive at exact age Xi among whom Di deaths occur in the
interval (xi, xi + 1) then qi . k(7Tik) = 1 - f4Di 7TikDlk)/Di

APPENDIX B

The expectation of life at birth can be written as the integral of
the survivorship function as follows

eo= F(t)dt

o~~~~~~~~~~~~~~~
where t denotes the survival time, F(t) = exp [- j ,L(T)dr] and

,u(t) = ,u(t; 1) + * * + p(t; r) is an additive function of the cause
specific mortality intensity functions ,u(t; k) for k = 1, 2, , r. If
cause R1 is reduced by a proportion 7ra, then

e,(7r1) =J exp j- f [*(T) - 7r1,u(T; 1)]dT} dt.

The gain in life expectancy can be expressed in integral form

e0(7r1) - e. = { exp j- { [,u(r) - tra1(T; 1)]drl dt - { F(t)dt

= j F(t) jexp [71 { '(T; O)dT1 - 1 dt.

A convenient approximation to the right hand side of the equation
above is obtained by expanding the exponential expression in the
integrand i.e.

{}=e-'fr I4(T;I1)dl1-1

- [1 - ql(t)]-"rl1

where q1(t) = 1 - exp j- | p(T; I)dr}.

If,u(T; 1) is small and correspondingly ql(t) is small, then
{}}_,ql(t). And the gain in expectation of life becomes

e -(iT) eo r1 { F(t)ql(t)dt

At 7iT = 1, we get eo(l) -e0 f F(t)q1(t)dt and, therefore,
o

e,(ir1) - e. fj[e,(1) - e.].

This approximation is quite good as long as iT1 A(T; l)dr

remains small and will slightly over estimate the actual value of
eo(r1) - e.. This shows that the gain in expectation of life associated
with a reduction in R, by amount 7r1 is 7rT times the gain that would
be achieved if R, were eliminated as a risk of death.

AJPH October, 1978, Vol. 68, No. 10 971


